Based on the in-detail tracking of the movements of atoms in a large number of molecular dynamics simulation boxes, we find that the diffusion of H and He atoms in single-crystal W is composed of non-Markovian jumps. The waiting time distribution of the triggering of jumps is not the usually recognized exponential distribution, but a temperature-dependent power-law distribution. The power-law distribution of the waiting time may lead to clear ergodicity-breaking diffusion, a phenomenon that has formerly been reported to only occur in complex systems such as living biological cells or soft matter. The present finding provides an insightful new view for the analysis and simulation of the puzzling H/He behaviors in W that are observed in experiments. Our findings will inspire reconsiderations on how to bridge the multiscale theoretical predictions with experimental observations, not only for H/He in W but also for H/He in other materials.
Introduction
The diffusion of H and He atoms in solids is a fundamental process closely related to phenomena observed in many scientific and technology fields. The diffusion of H/He atoms in metals cannot be directly experimentally observed on the atomistic level. The commonly supposed atomistic picture for the diffusion of H/He atoms in materials is as follows: H/He atoms move following the Markovian chain of jumps between energetically stable or metastable states, and the waiting time of the triggering of jumps follows the exponential distribution ( ) = (− ⁄ ), where the average jumping time can be deduced through harmonic transition state theory (HTST) 1, 2 . This postulate suggests a "normal" diffusion mechanism that is adopted in multiple timespace scale models for simulations and the analysis of experimental observations [3] [4] [5] .
We report here a novel picture via massive molecular dynamics (MD) simulations for H/He atoms diffusing in tungsten, in which the diffusion of H/He atoms comprises non-Markovian jumps with the waiting time of the triggering of jumps following a temperature-dependent power-law distribution, and the diffusion may exhibit nonergodic features at low temperatures. Here, the diffusion of H/He in W is chosen for the focus of our investigation because W is the most promising plasma-facing material in nuclear fusion reactors 6 and is subjected to high-fluence bombardments of H/He isotope atoms 7 . The long-term behavior of H/He in W has important impacts on the secure performance of the plasma-facing components in nuclear fusion reactors [8] [9] [10] .
However, contradictions exist even in the very fundamental experimental and theoretical results for H and He diffusion in W. For example, the usually accepted experimental activation energy of H diffusion in W is 0.39 eV 9 ,11 against activation energies of 0.2 12, 13 , 0.21 14 , 0.33 15 , and 0.38 eV 16 obtained by first-principles calculations; the experimental activation energy of He diffusion in W is 0.28 eV 17 against the first-principles value of 0.06 eV 18 . This disagreement can be attributed to many factors either in experimental techniques or theoretical predictions. One important factor is the diffusion model that must be adopted for connecting the atomistic processes with experimental observables. Therefore, the results presented in this paper will inspire reconsiderations on how to bridge the multiscale theoretical predictions with experimental observations, not only for H/He in W but also for H/He in other metals.
Method
Our MD simulation study on the diffusion process of H/He in W was conducted using our GPU-based molecular dynamics package, which can efficiently simulate the evolution of many simulation boxes in parallel 19 . Unless specifically stated, the key simulation setups applied for either H in W or He in W are outlined as follows. The adopted potentials were the embedded-atom-method potential that was developed and denoted as EAM1 by Bonny et al. 20 for the W-H-He system on the basis of the W-W potential of Marinica et al. 21 . The cutoff distance of the potentials was chosen to be identical to that used in making the potentials. Thousands cubic simulation boxes with side length 10 were initially constructed with 2000 W atoms on the bcc lattices and a H/He atom on each tetrahedron site, where is the lattice constant adopted by Marinica et al. for obtaining the W-W potential 21 . We thermalized the boxes to a preset temperature by repeating the thermalization-relaxation cycle 100 times. In each cycle, we generated the atomic velocities by sampling according to the Maxwell distribution and let the boxes relax for 0.1 ps. After the boxes reached thermal equilibrium at the preset temperature, the boxes were allowed to freely evolve, and only the atomic trajectories obtained in this stage would be used for analysis thereafter. Considering that the H/He atom is light and its frequency of thermal fluctuation is high, the timestep was set to 0.1 fs. The evolution time and the frequency of recording the instant status of the simulation boxes were set according to the quantities to be analyzed, as given in the results section. Because the periodic boundary conditions were always applied in all three directions, the atomic displacements, which could exceed the box boundary, were independently recorded in addition to the atomic positions constrained in the boxes.
In addition to recording the atomic displacements to be used for calculating the diffusion coefficients of H/He atoms, we also explored the waiting times of the triggering of jumps of H/He atoms. To identify the jump events more accurately, replicas of the simulation boxes were generated and were quenched to zero temperature by the steepest-descent algorithm. A jump event is counted if a tetrahedron site that the H/He atom is in changes, and the waiting time is defined by the time difference between two successive jump events.
Results

Figure 1 shows the representative trajectories of H and He atoms in W at
temperatures of 400 and 600 K. The trajectories were specially generated by using a very fine time step (10 time steps, corresponding to 1 fs) to record the positions of H/He atoms. From a cursory inspection of this figure, we can see that the H/He atoms are bound in the tetrahedron site for most of the time and can climb over the barrier between two adjacent tetrahedron sites in a short time less than 100 fs; this is not unusual.
However, we can also see that the paths of the H/He atoms moving through the barrier may not be the adiabatic path that is suggested by HTST and can be obtained by static mechanics (SM) using certain algorithms, for example, the nudged-elastic-band (NEB ) method 22, 23 , by searching saddle points on the potential surface. Most of the paths observed here are twisted, in contrast to the adiabatic path that is predicted by SM to be an almost visually straight connection between two adjacent tetrahedron sites. To make a more quantitative comparison between the adiabatic and non-adiabatic paths, we The fast ballistic-like jumps look similar to the Levy flight 24 . The Levy flight is the mathematical model of random processes in which the distance diffusers move in a jump is described by a power-law distribution and could thus be a long distance. In contrast to Levy flight, however, the ballistic-like jumps here are truncated because of the collisions between the H/He atom and the surrounding host (W) atoms. Truncated
Levy flights have been observed in simulation studies of Au nanoclusters diffusion on graphite surfaces 25, 26 and adsorbed Ag atoms on Au surfaces 27 . Differing from the diffusion of adatoms on surfaces, H/He atoms here are in bulk W. In fact, we found by scrutinizing the trajectories that the jumping H/He atoms are more likely to bounce from the surrounding W atoms. To clarify this statement, we identified the jump events using the method described in Section 2. For both H and He, we conducted the identifying procedure every 5 fs in the total simulation time of 75 ps for 1000 or more simulation boxes. When the boxes are quenched to zero temperature, the jump direction and the deflection between two successive jumps can be well defined, as explained by the inset of Moreover, the RCD would be atomic-mass-independent if the jumps were Markovian.
Because of the ballistic characteristic, the RCD here appears to be atomic-massdependent. In Figure 3 , the RCDs at 600 K obtained by artificially assigning the H/He atom with different atomic masses are also displayed. When we assign the H/He atom with a large atomic mass, the RCD of T0-T1-T2 and T0-T1-T3(T4) increases, indicating the suppression of the ballistic characteristic. Certainly, analyzing the correlations between the two successive jumps does not mean the chain of the correlated jumps contains only two jumps.
The interaction from the host atoms can also induce an effect on the other end of the scale, that is, the H/He atoms can be confined in a tetrahedron site for a long time depending on the temperature. Especially for H in W, the representative trajectories, which were selected for the visual inspection in Figure 1 These peaks arise most likely from the ballistic-like jumps of the H/He atoms discussed above. Circumstantial evidence can be found in Figure S7 in which the WTDs of H in 600-K W obtained using different atomic masses for H atoms are compared. For tritium, the peak shifts to around tw = 0.045 ps. When the H atoms are assigned the artificial atomic mass 16, the ballistic characteristic is suppressed and the peak diminishes.
If the fast ballistic-like jumps are the only sources for the diffusion of the H/He atoms, the diffusion would be normal only if the diffusion is measured on a timescale longer than the characteristic time of the truncated ballistic-like movements. However, the existence of the slow jumps may lead to different results.
In the region of tw > 0.1 ps, the WTDs do not exponentially decrease but fit well to the power-law distribution:
which has a longer tail than the exponential distribution. The value is temperaturedependent. The smaller the value, the longer the tail. For both H and He atoms in W, the value increases with the temperature. Theoretically 24,28-34 , the value of the power-law distribution has a critical value of 1. If < 1 , the first moment of the distribution is divergent, suggesting no mean waiting time, as well as ergodicitybreaking and subdiffusion. As we will discuss, 2 is also a critical value. From Figures 4 and 5, we observe that, for the He atoms, larger than 2 is observed for the temperature ≥ 600 K. At = 400 K, is slightly less than 1. For the H atoms, is smaller than 2 and larger than 1 at 1000 K . With decreasing temperature, is around 1 at 1000 K and becomes much smaller than 1 at 600 and 400 K. These results signify that the diffusion of H/He atoms in W is likely ergodicity-breaking in a certain temperature range. We make further examinations of this by analyzing the mean squared displacement (MSD) of the H/He atom in W. Figure 6 shows our calculation results from the MD data for the ensemble-averaged MSD ( ) defined as:
and the time-averaged MSD of single trajectories (∆; ) defined as:
where ∆ is the lag time and is the evolution time of the simulation boxes. If ( ) and (∆; ) (for ≫ and ∆= ) are equivalent, the diffusion would be ergodic.
Instead, the difference of (∆; ) between different trajectories is an indicator of nonergodic diffusion 28, 35 . We first investigate the MSDs for the He atoms in W. It is seen that, although the trajectory-to-trajectory deviation increases from high to low temperature, the (∆; ) of He atoms in W converge well to ( ) , even at the temperature = 400 K at which the value of the WTD is 0.94. The large deviation between (∆; ) of different trajectories at long lag time is understandable 35 , because of the unavoidable statistical uncertainty when ∆ is close to ( is 300 ps for = 400 K and 75 ps for ≥ 600 K).
We then investigate MSDs for the H atoms in W. The situation is very different. A strong temperature dependence of trajectory-to-trajectory scatter is observed for (∆; ) . The temperature is lower, and the trajectory-to-trajectory scatter of (∆; ) is more pronounced, corresponding to the decreasing value of the WTDs with decreasing temperature. For ≥ 1000 K, (∆; ) tends to converge to ( ) (also see Figure S8 ). At temperatures lower than 800 K, some H atoms remain quite localized in the whole evolution time, consistent with the observation when we visually inspect the trajectories. The large trajectory-to-trajectory scatter of (∆; ) suggests H atoms conducting nonergodic diffusion in low-temperature W. A more quantitative analysis can be found in Figure S9 , which displays the ergodicity-breaking parameter (EB) 28, 36 that is defined as (∆; ) = 〈 (∆; ) 〉 〈 (∆; ) 〉 − 1 and thought to be a sensitive measure of the deviation from ergodicity. The (∆; ) provides quantified evidence for the diffusion of H in W at ≤ 800 K being ergodicitybreaking.
In theory, subdiffusion induced by ergodicity-breaking is indicated by the ensemble-averaged MSD having the form ( ) ~ with < 1 28 . However, the aforementioned fast ballistic-like jumps also contribute to the MSD. If these jumps are the only contributors, the ensemble-averaged MSDs ( ) and ensemble-time-averaged MSDs 〈 (∆; ) 〉 would become normal when or ∆ is longer than the characteristic time of the truncated ballistic-like movements. Figure 7 shows the logarithm of ( ) and 〈 (∆; ) 〉 (correspondingly, the thick lines in Figure 6 ). It is seen that the The good linear relationship of 〈 (∆; ) 〉 vs. ∆ (a property that may mislead one to normal diffusion), even in the case of ergodicity-breaking, is compatible with the inference of the continuous time random walk model [37] [38] [39] , from which 〈 (∆; ) 〉~∆ ⁄ can be deduced 40, 41 . The dependence of 〈 (∆; ) 〉 on provides a test of the so-called ageing of the diffusion process 28, 36 . In Figure 8 , we demonstrate the 〈 (∆; ) 〉 on for various chosen ∆ for the H/He atoms in 400-K W. It can be seen that the diffusion of the H atoms in 400-K W exhibits the ageing feature. We also note that the value deduced from the ageing dependence is 0.86-0.89, which is larger than the value of 0.33 deduced from the WTD (see Figure 4 ), again, because of the mixed feature of the truncated ballistic-like movement and subdiffusion. For the He atoms in 400-K W, only very weakened ageing behavior can be observed.
Discussion
Anomalous diffusion is a phenomenon observed in various fields, as reviewed by
Barkai et al. 33 and Metzler et al. 28 . Most of the observed anomalous diffusions take place in complex systems such as living biological cells or soft matter 42, 43 , and phenomenal kinetic models have been established to describe them 28, 29 . Based on detailed analysis on a large number of atomic trajectories generated by molecular dynamics, we find for the first time that H/He atoms in single-crystal W may also exhibit diffusion behaviors away from our former knowledge. We can sketch the picture One of the issues is the formation of H isotope blisters experimentally observed in the plasma-facing W in nuclear fusion reactors 8 WTDs of these rate processes are also commonly assumed to be the exponential distribution. The findings of the present paper may inspire revisiting the WTDs of these rate processes. Moreover, the findings may also motivate similar investigations for H/He in other materials in which the long-term H/He behavior has important impacts on their macroscopic properties. Becquart 
Image a) Figure 2 . Comparison between the adiabatic and non-adiabatic diffusion path when a H/He atom jumps from a tetrahedron site to a neighboring tetrahedron site. The comparison is made by RNN and the distances between the H atom and its first eight nearest neighboring W atoms, as explained by the inset in Fig. 2a ). The distances are sorted in the following incremental order: RA1 < RA2 < RA3 < RA4 < RB1 < RB2 < RB3 < RB4. a) Adiabatic path obtained by NEB algorithm for the H atom jumping from the tetrahedron site defined by A1-A2 to that defined by A1-A2-A3-B1. Here, RNN is plotted as a function of NEB images. The intersection of RA4 and RB1 indicates a cross of the saddle point. For He, the path is similar; RNN as a function of time during the jump marked by the arrow in (b) Fig. 1a ) and c) Fig. 1b) . The RNN as a function of time in the whole 80 ps is given in the Supplementary Materials (Fig. S5 for H and Fig. S6 If the second jump, for example, is from T1 to T2, the deflection angle is the angle between VT0-T1   and VT1-T2. Corresponding to the four principal kinds of successive jumps T0-T1-T0, T0-T1-T2, and T0-T1-T3(T4), the cosine of the deflection is -1.0, 0.0, and 0.5 respectively, where T0-T1-T3(T4) denotes the summation of the equivalent successive jumps T0-T1-T3 and T0-T1-T4. The counts were normalized to the count of the T0-T1-T0
jump. The number of simulation boxes used to extract the data was 4000 at the temperature of 400 K and was 1000 at higher temperatures. The boxes evolved for 75 ps. At the given temperatures from 400 to 1200 K, the counts of the 
